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ABSTRACT
Recent studies have found higher galaxy metallicities in richer environments. It is not yet clear, however,
whether metallicity-environment dependencies are merely an indirect consequence of environmentally depen-
dent formation histories, or of environment related processes directly affecting metallicity. Here, we present
a first detailed study of metallicity-environment correlations in a cosmological hydrodynamical simulation, in
particular the Illustris simulation. Illustris galaxies display similar relations to those observed. Utilizing our
knowledge of simulated formation histories, and leveraging the large simulation volume, we construct galaxy
samples of satellites and centrals that are matched in formation histories. This allows us to find that ∼ 1/3 of
the metallicity-environment correlation is due to different formation histories in different environments. This
is a combined effect of satellites (in particular, in denser environments) having on average lower z = 0 star
formation rates (SFRs), and of their older stellar ages, even at a given z = 0 SFR. Most of the difference,∼ 2/3,
however, is caused by the higher concentration of star-forming disks of satellite galaxies, as this biases their
SFR-weighted metallicities toward their inner, more metal-rich parts. With a newly defined quantity, the ‘ra-
dially averaged’ metallicity, which captures the metallicity profile but is independent of the SFR profile, the
metallicities of satellites and centrals become environmentally independent once they are matched in forma-
tion history. We find that circumgalactic metallicity (defined as rapidly inflowing gas around the virial radius),
while sensitive to environment, has no measurable effect on the metallicity of the star-forming gas inside the
galaxies.
Subject headings: galaxies: evolution — abundances — star formation — groups: general — methods: numer-
ical — hydrodynamics
1. INTRODUCTION
The metal content of galaxies encodes important in-
formation about their formation histories and the physi-
cal processes governing them. It is observationally well-
established that galaxies with higher stellar masses tend to
have higher metallicities (Lequeux et al. 1979; Tremonti et al.
2004; Gallazzi et al. 2005), and also that the gas-phase metal-
licity of galaxies with higher star formation rates (SFRs)
or gas fractions tends to be lower at a given stellar mass
(Ellison et al. 2008; Zhang et al. 2009; Mannucci et al. 2010;
Bothwell et al. 2013). These correlations are generally un-
derstood as resulting from the interplay between metal pro-
duction by stars and dilution due to the accretion of metal-
poor intergalactic gas (Tinsley 1980; Finlator & Davé 2008;
Davé et al. 2012; Zahid et al. 2014). Galactic outflows are
also believed to play an important role by modifying both the
galactic gas and metal contents.
However, large systematic uncertainties, both observation-
ally and theoretically, severely limit the constraining power of
these observed correlations on theoretical models. The nor-
malization of metallicity measurements depends on the cali-
bration scheme, with differences between different schemes
that are comparable to the variation among different galaxy
populations (Kewley & Ellison 2008; Newman et al. 2014).
Moreover, even relative metallicities suffer from systematics,
such that the quantitative nature of correlations such as those
described above is uncertain even if the qualitative trends are
mostly robust (Kewley & Ellison 2008; Andrews & Martini
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2013; Pérez-Montero et al. 2013; de los Reyes et al. 2015).
Issues also exist on the theoretical side, pertaining to large un-
certainties regarding stellar populations and their metal yields
(Côté et al. 2015; Vincenzo et al. 2016). These limitations
motivate the expansion of the parameter space of the galaxy
properties with which galaxy metallicities should be com-
pared, in the hope that additional qualitative trends - in the ab-
sence of robust quantitative relations - will reveal themselves
as containing independent constraining power.
An important extension of the parameter space beyond the
stellar mass and SFR is the galaxy environment. Several stud-
ies in the past few years have found that galaxies in ‘richer’
environments tend to have higher gas-phase metallicities
(Mouhcine et al. 2007; Cooper et al. 2008). The exact magni-
tude of the effect, and the determining environmental factor,
are still a matter of debate. Some studies found that satellite
galaxies have higher metallicities than central galaxies of the
same stellar mass, and that the effect is stronger for larger host
halo masses and smaller halo-centric distances (Pasquali et al.
2012; Petropoulou et al. 2012). Some studies deduced that the
underlying correlation is to environmental overdensity, with
no significance as to whether the galaxy is a central or satellite
galaxy (Ellison et al. 2009). Peng & Maiolino (2014) find that
metallicity correlates with environmental overdensity primar-
ily for satellite galaxies, but much less so for central galax-
ies. While the tendency of galaxies in richer environments to
have higher metallicities is generally agreed upon at z ≈ 0,
the measured trends at higher redshifts span both positive and
negative correlations (Magrini et al. 2012; Kulas et al. 2013;
Lara-López et al. 2013; Darvish et al. 2015; Kacprzak et al.
2015; Shimakawa et al. 2015; Valentino et al. 2015), and the
verdict is still out.
The question remains open concerning the physical pro-
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cesses that drive the observed correlations. Can the environ-
mental dependencies be fully explained by the different star
formation histories of satellite and central galaxies, which are
driven by the environmental processes, and the ‘standard’ re-
lations between star formation and metallicity (Hughes et al.
2013)? Or do the more direct influences of environment on
galactic metallicity, e.g. through the metallicity of enriched
intergalactic gas accreted onto galaxies, play a more signif-
icant role (Robertson et al. 2012; Peng & Maiolino 2014)?
Through its sensitivity to the myriad of processes that con-
trol the gas content of galaxies, metallicity has the potential
to teach us about the environmental sensitivity of ‘standard’
gas processes, such as consumption and recycling, as well
as environment-specific processes, such as gas stripping and
strangulation. Several environment-specific scenarios have
been proposed in the literature to explain the observed trends
(see, e.g., the discussion in Petropoulou et al. 2012). These
scenarios include the possibilities that satellites experience (i)
more enriched accretion from their environments relative to
centrals, (ii) suppression of accretion from a low-metallicity
reservoir due to stripping and strangulation, or (iii) suppres-
sion of winds that allow metals to escape, i.e. increased wind
recycling. All of these scenarios are expected to be more ef-
fective in more massive host halos and denser environments
(e.g. closer to the host halo center), in agreement with obser-
vations.
Detailed analysis of simulations is an invaluable tool for
distinguishing between these scenarios, as well as for finding
new ones, as is done in this work. Less than a handful of
cosmological hydrodynamical simulations have thus far been
used to investigate the metallicity-environment relations. At
least qualitatively, they agree with the observational results
(Davé et al. 2011; De Rossi et al. 2015). However, the emerg-
ing correlations have not yet been explained. Here, we ex-
ploit the power of the Illustris simulation (Genel et al. 2014;
Sijacki et al. 2015; Vogelsberger et al. 2014a,b), both in terms
of galaxy population size and of physical fidelity, to explore
in detail, for the first time, the metallicity-environment rela-
tions in a population of simulated z = 0 galaxies. In Section 2
we describe the methods used in this paper. In Section 3 we
present a short account of the anti-correlation between metal-
licity and SFR in Illustris that serves as a reference for the fol-
lowing sections. In Section 4.1 we show that satellite galaxies
in Illustris tend to have higher metallicities than central galax-
ies and, in Section 4.2, we show that this can be partially ex-
plained by their different formation histories. In Section 4.3,
however, we show that most of the difference is due to dif-
ferent SFR profiles between the two populations, which are a
result of environmental effects. In Section 5 we quantify the
metallicity in relation to environmental overdensity, and show
that the same two factors discussed in Section 4 can also ex-
plain these trends. In Section 6, we summarize our results.
2. METHODS
The Illustris simulation is a hydrodynamical cosmologi-
cal simulation of structure formation that follows a comov-
ing volume of (106.5 Mpc)3 from z = 127 to z = 0 with a
baryonic mass resolution of ≈ 1.6× 106 M⊙. In this study,
we focus on galaxies in a particular narrow stellar mass bin
of M∗ = (2 − 3)× 1010 M⊙, in the interest of simplicity and
because the mass-metallicity relation itself is not our focus;
however, we note that our conclusions qualitatively apply to
the full range of M∗ ∼ 109 − 1011 M⊙. The galaxies in our
selected narrow mass bin are resolved in the Illustris sim-
ulation with ≈ 3× 104 collisionless particles for the stellar
component, and with typically one order of magnitude fewer
hydrodynamical cells representing the disk of star-forming
gas. In star-forming disks at z = 0, the gravitational soft-
ening and hydrodynamical resolution (typical cell diameter)
are comparable at ≈ 700 pc. In Sections 4 and 5 we dis-
tinguish between central and satellite galaxies as defined by
SUBFIND (Springel et al. 2001). We utilize information on
the formation histories of individual galaxies by following
the main-progenitor branches of the galaxy merger trees of
Rodriguez-Gomez et al. (2015). We quantify the environment
of each galaxy by measuring the distance to its fifth-nearest
bright galaxy and converting those distances to environmen-
tal overdensities, δ (Vogelsberger et al. 2014b).
The physical processes implemented in the Illustris simula-
tion, laid out in detail in Vogelsberger et al. (2013), include
gravity, hydrodynamics, and radiative cooling, which form
the backbone of galaxy formation and, in particular, have
great potential to drive environmentally dependent effects.
These components of the physical model are relatively robust
and numerically accurate (Springel 2010; Vogelsberger et al.
2012, 2013). Also, crucially for generating semi-realistic
galaxy populations, there are sub-grid models for star forma-
tion, black hole growth, and associated feedback processes.
It is worth reminding the reader of the most relevant as-
pects of the physical models. (i) In order to perform direct
comparisons to observations of galactic gas-phase metallici-
ties, which are obtained by probing emission-line ratios, we
study the metallicity of star-forming gas. All of the gas in the
simulation with a hydrogen number density of n > 0.13 cm−3
is defined as star forming, and is assigned an SFR accord-
ing to a Schmidt (1959) law (Springel & Hernquist 2003;
Vogelsberger et al. 2013). We consider and contrast both the
SFR-weighted metallicities and the radially averaged metal-
licities, which are described in the following sections. (ii)
Metals are produced by evolving stellar populations, repre-
sented in Illustris by colliosionless stellar particles. These par-
ticles release mass (hydrogen, helium, and seven additional
species of heavier elements) into their surrounding gas in a
continuous fashion, using tabulated rates determined by the
age of the stellar particle and its initial metallicity. In this pa-
per, we do not distinguish between the various heavy elements
that the simulation follows, but define the units of metallicity
as the mass fraction in all of the elements heavier than he-
lium, in logarithmic units with a basis of 10. In these units,
the solar metallicity is −1.85 (Asplund et al. 2009). (iii) Since
we are concerned with the environmental metallicity around
galaxies, it is worth mentioning that metals are ejected out-
side of galaxies in our model primarily by two feedback pro-
cesses. First, galactic winds, whose mass-loading is a de-
creasing function of galaxy mass, and whose ejection veloci-
ties scale with, and are somewhat below, the escape velocity
from the halo. These winds expel metals out of the galaxies
where they were produced but not significantly beyond their
halos, allowing them instead to participate in a ‘halo foun-
tain’ that is driven by the hydrodynamics in the halo gas and
the cooling rate (Nelson et al. 2015; Suresh et al. 2015). Sec-
ond, feedback from black holes dominates the metal ejection
out of halos into the cosmic web (Suresh et al. 2015).
3. BACKGROUND RESULT: METALLICITY AND SFR
Numerous recent observational studies have found an
anti-correlation between metallicity and SFR at various
redshifts (e.g. Andrews & Martini 2013; Belli et al. 2013;
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FIG. 1.— Three cuts, for different stellar masses (different panels), of the fundamental metallicity relation (FMR). Observational inferences of the relation
(Mannucci et al. 2010; Maier et al. 2014) are shown in blue (dark and light, respectively), and include both the regimes where they were actually constrained
observationally (thin solid), and extrapolations of the respective fitting formulae (dotted). Results from Illustris are shown for different redshifts z = 0,1,2,3
(thick solid). To make direct comparisons to observations, this is the only plot in this paper where a particular element (oxygen) is used rather than the total
metallicity.
de los Reyes et al. 2015). Most commonly, these relations
are described in terms of the fundamental metallicity rela-
tion (FMR), i.e., the relation between gas metallicity, stellar
mass, and specific star formation rate (Mannucci et al. 2010),
which is presented in Figure (1). There is considerable de-
bate in the literature as to whether or not this relation evolves
with redshift (e.g. Pérez-Montero et al. 2013; Steidel et al.
2014; Wuyts et al. 2014; Sanders et al. 2015). For exam-
ple, Maier et al. (2014) offer an alternative formulation of the
FMR that is based on their measurements, and claim that
in this form (Lilly et al. 2013), rather than in the original
Mannucci et al. (2010) form, it is indeed epoch-independent.
We find that Illustris reproduces these observations quite
well given the observational uncertainties, in particular, in
terms of the trend with specific SFR (sSFR) and the very weak
FMR evolution with redshift. An exception to this last point
is a strong evolution for massive galaxies of M∗ ≈ 1011 M⊙.
While at high sSFR the relations at all redshifts converge to-
ward the extrapolation of the observed relation, including at
this high mass bin, at low sSFR they diverge, showing lower
metallicities at higher redshifts. This is the regime where
AGN feedback controls the mass-metallicity-sSFR relation,
breaking the FMR, as will be discussed in future work. The
emergence of an FMR-like relation is a rather generic result in
cosmological hydrodynamical simulations (Davé et al. 2011;
De Rossi et al. 2015; Lagos et al. 2015). It is not the focus of
our current work, and is shown here only as a reference, since
the general anti-correlation between metallicity and SFR will
come up several times in the following sections.
4. MAIN RESULTS: CENTRALS VERSUS SATELLITES
4.1. Comparison to observations
Figure (2) shows the z = 0 mass-metallicity relation of
galaxies in the Illustris simulation. The simulated metallic-
ities are those of the star-forming gas either in the full ex-
tent of the galaxies (left panel) or within their inner 5 kpc
(right panel; upper set of curves), and they are weighted by
SFR, analogous to observational measurements. Figure (2(b))
also presents the observational result of Pasquali et al. (2012),
which is based on SDSS and therefore is limited to the inner
parts of the galaxies as determined by the SDSS fiber aperture
(lower set of curves).
We begin by discussing the qualitative trends seen in Fig-
ure (2). More massive Illustris galaxies have higher metallic-
ities. Observations show the same qualitative trend, but quan-
titatively the simulated relation appears too steep, as pointed
out and discussed in detail in Torrey et al. (2014). Here, we
also separate the full galaxy population (orange) into central
galaxies (blue) and satellites (black). Across more than two
orders of magnitude in stellar mass, satellite galaxies have
higher metallicities than central galaxies of the same mass.
This is in qualitative agreement with observational findings
(Pasquali et al. 2012; Petropoulou et al. 2012). Furthermore,
we separate the satellite galaxies according to the dark matter
halo mass in which they are hosted (magenta), showing that at
a given stellar mass, a satellite galaxy tends to have a higher
metallicity the more massive its host halo is. This trend too
qualitatively agrees with observations. This rough agreement
with observations serves as the starting point for our study of
how this difference emerges in Illustris.
Quantitatively, the metallicity difference between centrals
and satellites, and its sensitivity to the host halo mass, depends
on the details of the measurement. Comparing Figures (2(a))
and (2(b)), it can be seen that the differences are larger for the
full spatial extent of the galaxies than in the case where only
the metallicities of the inner regions are considered. For the
full galaxy extents, the difference decreases from ≈ 0.15 dex
at M∗ = 109 M⊙ to ≈ 0.1 dex at M∗ = 1011 M⊙. The differ-
ence inside 5 kpc is in turn ≈ 0.06 dex at M∗ = 109 M⊙ and
≈ 0.03 dex at M∗ = 1011 M⊙. At the mass scale on which we
focus in this paper, which is indicated by the vertical lines in
Figure (2), the differences are ≈ 0.13 dex and ≈ 0.06 dex for
the full extent and within 5 kpc, respectively. The effect of the
aperture on the dependence of the metallicity on environment
is discussed in great detail in Sections 4.3 and 5, a discussion
that constitutes a fundamental part of this work. Here, it is
merely noted, and the main goal is to perform a comparison
with observations.
At face value, Figure (2(b)) indicates differences that are
weaker in the SDSS-based Pasquali et al. (2012) observations
by about a factor of two compared to Illustris. However, this
quantitative comparison should be taken with caution, as a
fully robust comparison would require a significantly more
complex and complete analysis. We have chosen a value
of 5 kpc in order to approximately match the aperture effect
of the SDSS fiber. The redshifts of the galaxies used by
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FIG. 2.— Relation between median SFR-weighted gas-phase metallicity and stellar mass. Galaxies are distinguished by their group membership: all galaxies
(orange), central galaxies (blue), and satellite galaxies (black). The satellites are further separated by the mass of the dark matter halo inside which they are
hosted (thin magenta), as indicated in the legend. At a given stellar mass, satellite galaxies tend to have higher metallicities than central galaxies. The effect is
stronger for satellites hosted in more massive hosts. Vertical lines indicate the mass range that is the focus of this paper. Left: metallicities within the full spatial
extent of the galaxies. Right: metallicities limited to the inner 5 kpc of the galaxies (Illustris; upper, thick curves) or to the SDSS fiber (observational results from
Pasquali et al. (2012), re-normalized on the y-axis; lower, thin curves).
Pasquali et al. (2012) are in the range 0.01 < z < 0.2, pro-
viding a range of physical apertures of ≈ 0.6 − 14 kpc corre-
sponding to the 3′′ fiber aperture. The metallicities for these
galaxies have been calculated by Tremonti et al. (2004), who
note that the fraction of galaxy light falling in the fiber aper-
ture is typically about 1/3. For our selected mass bin of
M∗ = (2 − 3)×1010 M⊙, 1/3 of the total star formation resides
within ≈ 5 kpc, which indeed roughly matches the median
redshift of the observational sample of z∼ 0.1 (Tremonti et al.
2004). However, this is not an exact match, of course, but only
an average one, and therefore may include some systematic
bias. In addition, the observational sample constitutes of only
∼ 25% of the parent spectroscopic SDSS sample, mostly due
to cuts in the Hβ signal to noise and the removal of AGN con-
tamination (Tremonti et al. 2004; Pasquali et al. 2012), both
of which preferentially cut out galaxies with low SFRs (for
the relevance of the AGN cut, see, e.g. Leslie et al. 2016).
In contrast, we include all of the Illustris galaxies with non-
zero SFRs. These different selections are likely to introduce
additional biases that operate in the direction of making the
inferred observed effect indeed smaller than the one derived
from Illustris, but the exact quantification of these biases is
beyond the scope of this paper. While it is important to keep
in mind that at face value the environmental effect is stronger
in Illustris than is observed, hereafter we continue to perform
an analysis of the effect in Illustris, in the hope that it has
some bearing on galaxies in the real Universe. In fact, we
provide specific observational predictions which, in the near
future, will allow one to rule out or corroborate the theoretical
scenario we describe.
4.2. Galaxy-wide SFR-weighted metallicities
A principal tool we use throughout the analysis is the com-
parison of several galaxy samples. As mentioned in Section
2, we focus on the mass range M∗ = (2 − 3)×1010 M⊙, within
which we first select the ‘satellite’ and ‘central’ samples, with
no additional criteria. At z = 0, there are 775 central galax-
ies inside the mass bin of interest, and 382 satellite galaxies;
these numbers are large enough to allow us to make statisti-
cally robust comparisons. The selection criteria for the sam-
ples defined in the following are shown in Figure (3). In the
next step, for each galaxy in the ‘satellite’ sample, a z = 0
galaxy from the ‘central’ sample that matches its stellar mass
(to within 0.05 dex) and SFR (to within 0.1 dex) both at z = 0
and at its infall time, i.e. the time it became a satellite, is se-
lected into a ‘control’ sample (green). The 252 satellite galax-
ies for which a match exists in the ‘control’ sample comprise
the ‘matched satellites’ sample (red), and the remaining 130,
for which a close match could not be found, make up the ‘non-
matched satellites’ sample (magenta). Figure (3) shows that
the ‘non-matched’ satellites tend to have higher SFRs and
sometimes high masses at their infall time, but low SFRs at
z = 0. These ‘early’ star formation histories are the reason the
‘non-matched’ satellites could not be matched to the forma-
tion history of any central galaxy in the simulation. In con-
trast, the ‘matched satellites’ and their ‘control centrals’ are
very closely matched in their formation histories.
It is worth pointing out that the control sample is not com-
prised of special central galaxies. This can be seen in sev-
eral ways. First, Figure (3) shows that the distribution of
its z = 0 SFRs is only mildly shifted with respect to the full
central sample. Second, 687 central galaxies of the total 775
(88.6%) may in principle be selected for the control sample.
Namely, for 687 central galaxies there exists a satellite galaxy
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FIG. 3.— Selection criteria for galaxy samples, shown by their joint distributions of SFR and stellar mass at infall time (left panel) and at z = 0 (middle
panel), as well as the z = 0 SFR distributions collapsed along the mass axis (right panel). The common selection criterion for all galaxies is the narrow mass bin
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mass and SFR, both at (their own individual) infall time and at z = 0. Those matched centrals in turn comprise the ‘control centrals’ sample (green), whose SFR
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comprised of the satellites for which no such close match can be found. Data at SFR = 0.01 M⊙ yr−1 represent galaxies that in fact have SFR = 0.
that has a similar stellar mass (within 0.05 dex) and a sim-
ilar SFR (within 0.1 dex) both at z = 0 and at the satellite’s
infall time. Third, among the 252 galaxies in the control sam-
ple, there are ≈ 200 unique centrals (this number is not well
defined, since there is some freedom in selecting the control
galaxy for any particular satellite, among all those centrals
that are close enough in formation history). Namely, it is not
the case that a small number of central galaxies serve multiply
as matches to a much larger number of satellites. The key to
the control sample is that it is a sample of ‘normal’ centrals
(as almost 9 of any 10 central galaxies may serve as a control
galaxy) that is, however, biased in terms of formation histories
with respect to the full central population, such that it matches
those of a large fraction of the satellite galaxies (the ones in
the ‘matched satellites’ sample).
Using these samples, we can answer a basic question.
When do the high metallicities of z = 0 satellite galaxies de-
velop? Is it before or only after they become satellites? The
answer can be inferred from Figure (4), which displays the
relation between metallicity and SFR for the various samples.
The relation at infall time (left) appears to be indistinguish-
able between the two samples that are matched by their for-
mation history. The ‘non-matched satellites’ sample, in turn,
has a distinct SFR distribution at the infall time, but also ap-
pears to lie on a similar locus in the metallicity-SFR plane.
However, the picture is very different at z = 0 (right) where the
satellite galaxies are shown to have markedly higher metal-
licities, even at a given SFR. Hence, we learn that satellite
galaxies only obtain their higher metallicities with respect to
centrals after their time of infall.
Figure (5) provides more details by showing the full mean
time evolution3 of both the mass (left) and metallicity (right),
where the time axis is shifted individually for each galaxy
such that its infall time is at ‘time of zero’ (marked by a verti-
cal dashed curve). The color indicates the mean redshift along
the evolution track, demonstrating that the infall occurs typ-
ically at z ≈ 0.5. Two additional mass bins are shown aside
from the one that is the focus of this paper (the middle one),
3 For a discussion of the validity and pitfalls of the mean formation histo-
ries, see Torrey et al. (2015).
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FIG. 4.— Relation between metallicity and SFR for galaxy samples. The
‘matched satellites’ (red) and ‘control centrals’ (green) samples are matched
in SFR (and stellar mass, see Figure (3)) at both epochs, but while they have
statistically indistinguishable metallicities at the infall time, the satellites have
significantly higher metallicities (≈ 0.1 dex) at z = 0. The ‘non-matched satel-
lites’ (magenta) generally possess lower values of z = 0 SFR compared to
galaxies in the other samples, and correspondingly higher metallicities.
demonstrating the same qualitative behavior over a wide mass
range. Thin curves show the histories of ‘matched satellites’
and thick curves the histories of ‘control centrals’. Naturally,
the ‘control centrals’ do not have an infall time of their own,
as by construction they are still central galaxies at z = 0. For
those, the time axis is the time relative to the infall time of
their own (individual) matched satellite galaxy. The mass his-
tories of these samples are almost indistinguishable (for the
lowest mass bin, truly indistinguishable, given the thickness
of the curves in Figure (5)) already many gigayears before the
infall time, even though they were only matched at z = 0 and at
the infall time itself. This similarity for most of cosmic time
renders the comparison between these two samples powerful,
as in terms of formation history they only differ by their group
membership at late times, not by their mass growth histories.
In contrast, the metallicity histories, while being very similar
before infall, start diverging right around infall. The differ-
ence that develops between infall time and z = 0 accounts for
most of the difference between satellites and centrals seen in
Figure (2).
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FIG. 5.— Mean time evolution histories of stellar mass (left) and metallic-
ity (right) for z = 0 galaxy samples selected in three narrow mass bins. For
each mass bin, the thin curves show the ‘matched satellites’ sample, and the
thick curves the ‘control’ sample. The x-axis represents time relative to the
infall time. Namely, each galaxy is shifted on the x-axis such that the time
at which it becomes a satellite is ‘time zero’ (for the ‘control’ galaxies, it is
the time the satellite match becomes a satellite). The metallicity growth after
infall is much stronger than the mass growth, and can account for most of the
metallicity difference between satellites and centrals seen in Figure (2).
So far, we have established that satellite galaxies acquire
their higher metallicities after, not before, becoming satellites.
A second important conclusion from Figure (4) can be drawn
by dividing the effect shown in Figure (2), namely, that satel-
lites tend to have higher metallicities, into two contributions.
First, part of this is driven by the ‘non-matched satellites’
sample, which has low z = 0 SFRs, and hence – by virtue of
the anti-correlation between metallicity and SFR – also higher
metallicities. However, in addition, despite being matched in
SFR, the ‘matched satellites’ have higher metallicities than the
‘control centrals’ by ≈ 0.05 − 0.1 dex.
To see this in more detail, Figure (6) presents the evolution
history of the various samples on the metallicity-stellar mass
plane. In the left panel, the mean redshift of the track is indi-
cated by the color, and only two samples are shown: all cen-
trals (thick) and all satellites (thin). The inset shows a blow-up
of the late-time evolution where, at z∼ 0.5, the metallicity of
the satellites shoots up with little mass evolution, representing
the late-time increase we observed in Figure (5). 4 The right
panel of Figure (6) presents the evolution of all of the sam-
ples we have discussed so far on the metallicity-stellar mass
plane. Most notably, the ‘non-matched satellites’ (magenta)
have a very distinct evolution history. They form earlier, and
hence have the lowest metallicity for a given stellar mass for
most of the evolution track, but at late times they experience
a sharp increase in metallicity with respect to mass. In fact,
on average, they even lose mass at late times, while continu-
ing to grow in metallicity. However, since they represent the
minority of the total satellite population, the latter (thin rain-
bow curve repeated from the left panel) is much closer to the
evolution of the ‘matched satellites’ (red). Among the cen-
tral galaxies, the full central population (thick rainbow curve
repeated from the left panel) has a very similar evolution his-
tory to the ‘control centrals’ (green). The latter is only shifted
4 For most of cosmic time, before the typical infall time of z ∼ 0.5, central
galaxies have a higher metallicity than satellites at a given mass. While this
trend may seem like the opposite of that discussed so far, one should keep in
mind that a comparison at a given stellar mass is a comparison at different
cosmological times, for centrals versus satellites. When considering the full
central and satellite populations rather than the formation-matched ‘matched
satellites’ and ‘control centrals’ samples, the satellites on average form earlier
than centrals. Hence, at a given mass, satellites are found at an earlier epoch,
and hence have lower metallicities.
slightly (≈ 0.02 dex) toward higher metallicities at late times.
This can be attributed to the fact that the ‘control centrals’
are slightly biased with respect to all centrals in terms of their
formation history, i.e., they have slightly higher past SFRs and
lower z = 0 SFRs, since they are chosen to match the satellite
galaxies in these parameters.
All in all, about 1/3 of the difference at z = 0 (the end
of each curve in the right panel of Figure (6)) between the
full satellite (thin) and central (thick) populations can be ac-
counted for by the ‘selection effect’ on formation histories
(the difference between the thin rainbow and red, plus the dif-
ference between the thick rainbow and green). Most of the
difference, however, can be accounted for by the difference
between the two sub-populations that are matched in terms of
formation histories (green and red). That is exactly the differ-
ence that occurs after infall seen directly in Figure (5(b)).
4.3. Spatially resolved and radially averaged metallicities
In the previous section, we saw that satellites develop a
higher metallicity than centrals after their infall into their host
halo, and that some of this can be accounted for by their differ-
ent SFR histories with respect to the centrals. However, most
satellites can be matched in terms of formation history to a
central galaxy, and even those matched samples differ signifi-
cantly in z = 0 metallicity, a difference that constitutes at least
half of the total difference between the general satellite and
central populations. In this section, we explore what accounts
for the different metallicities of these formation-matched sam-
ples by spatially resolving them and looking into their struc-
tures.
Figure (7(a)) shows the mean enclosed SFR-weighted
metallicity of the different samples as a function of galac-
tocentric radius. For all samples, the enclosed metallicity is
highest when only small radii are considered, it drops grad-
ually when larger radii are taken into account in the aver-
aging, and finally approaches a plateau that is equivalent to
the galaxy-wide average, around the radius where the star-
forming disk is diminished and there are no additional con-
tributions of star-forming gas. As seen in Figure (6), there
are slight shifts between ‘all centrals’ (blue) and ‘control cen-
trals’ (green), as well as between ‘all satellites’ (black) and
‘matched satellites’ (red), which together (at the maximum ra-
dius shown, i.e. the full galaxy-wide value) constitute ≈ 40%
of the total difference between ‘all satellites’ (black) and ‘all
centrals’ (blue). Importantly, these formation-history-driven
differences are quite consistent with radius. However, the dif-
ference between the formation-history-matched samples, the
‘matched satellites’ (red) and their ‘control centrals’ (green),
is strongly radius-dependent. In fact, at small radii, when
looking only inside ≈ 7 kpc, those two samples of satellites
and centrals have indistinguishable metallicities. Around that
radius, the ‘matched satellites’ sample starts plateauing, indi-
cating that that is roughly the extent of the star-forming disks
in that sample. In contrast, the enclosed SFR-weighted pro-
file of the ‘control centrals’ continues to drop, indicating that
there are still sufficiently substantial amounts of star-forming
gas at & 7 kpc with low enough metallicity to drive the cumu-
lative enclosed value down further.
Figure (7(b)) shows, rather than the enclosed metallicity,
the local metallicity profile as a function of radius. Similar
to the case for the enclosed metallicities, the differences be-
tween ‘all centrals’ (blue) and ‘control centrals’ (green), as
well as between ‘all satellites’ (black) and ‘matched satellites’
(red), are approximately radius-independent and, in fact, es-
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FIG. 6.— Evolution histories along the main-progenitor track in the mass-metallicity plane for various galaxy samples. The averaging of mass and metallicity
is performed as a function of redshift. The insets zoom-in on the late-time evolution. Left: comparison between centrals (thick) and satellites (thin). The
high-redshift main progenitors of satellites have a lower metallicity - at a given stellar mass - with respect to centrals, as they reach that same mass at an earlier
time. However, toward z = 0, corresponding approximately to the infall time, the trend reverses, and satellites increase sharply in metallicity, to have higher
metallicities than centrals. Right: the central (thick rainbow) and satellite (thin rainbow) samples are repeated from the left panel. In addition, the satellite sample
is split to the ‘matched’ (red) and ‘non-matched’ (magenta) samples, and the ‘control centrals’ are also added (green). The ‘matched’ satellites (red) and their
‘control’ centrals (green) are by construction closely matched in terms of growth history. Here, they appear as closely related in terms of metallicity history as
well, until late times, when the satellites show a sharp increase in metallicity.
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FIG. 7.— Left: the mean enclosed SFR-weighted metallicity of various z = 0 galaxy samples, as a function of galactocentric radius. The largest radius of 30 kpc
encloses essentially the full extent of the galaxies, hence the metallicity values there correspond to the z = 0 values seen in Figure (6(b)). The ≈ 0.1 dex difference
between the ‘matched satellites’ (red) and the ‘control centrals’ (green) is seen here to only develop at radii larger than & 7 kpc, a radius inside which those two
samples have essentially identical metallicities. Right, top: the mean local metallicity of various z = 0 galaxy samples. The ‘matched satellites’ (red) and ‘control
centrals’ (green) samples are almost indistinguishable at most radii, and where they do differ (≈ 10 − 20 kpc), it is in the opposite sense to that seen in the left
panel for the enclosed metallicity. This shows that it is not local metallicity differences that are responsible for the difference in enclosed metallicity, but instead
a different radial weighting. Right, bottom: the derivative of the quantity in the top panel, i.e. the metallicity gradient. The values of ≈ 0.01 − 0.05 dex kpc−1 as
well as the tendency towards smaller gradients at larger radii are in good agreement with observations (Ho et al. 2015; Sánchez-Menguiano et al. 2016).
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FIG. 8.— Mean local SFR surface density of various z = 0 galaxy sam-
ples as a function of galactocentric radius. All samples show an approximate
exponential profiles at large radii (& 10 kpc), with central galaxies having
mean surface densities ≈ 0.3 dex higher than satellites (except for the ‘non-
matched’ satellites, which are further suppressed). Central galaxies, how-
ever, have a flat mean profile within ≈ 10 kpc, while the exponential profile
of satellite galaxies holds down to & 2 kpc, giving them higher surface den-
sities in the central parts. Hence, satellite galaxies have less extended, more
concentrated, star-forming disks, than central galaxies.
sentially fully explain the differences in the enclosed metal-
licities seen in Figure (7(a)). However, the difference be-
tween the ‘matched satellites’ (red) and their ‘control centrals’
(green) is very small at all radii, as opposed to the case for
the enclosed metallicities. In fact, in the range ≈ 10 − 20 kpc,
the ‘control centrals’ even have higher metallicities than the
‘matched satellites’. This clearly demonstrates that the higher
enclosed metallicities that ‘matched satellites’ have (at large
radii) are not a result of differences in the local metallicity
profile. Instead, they are a result of the satellites’ ‘truncated’
star-forming disks, as the enclosed SFR-weighted measure-
ment samples mostly their inner, more metal-rich parts. This
is in contrast with the ‘control centrals’, which have the same
local metallicity profile as the ‘matched satellites’ (or even
somewhat higher), but for which the SFR-weighted metallic-
ity also includes substantial contributions from the large-radii,
more metal-poor parts.
The inevitable conclusion from Figure (7) regarding the dif-
ferences in SFR profiles, namely, that satellites have more
centrally concentrated star formation, is shown directly in
Figure (8), which presents the mean profiles of SFR surface
density for the various samples. It can be seen that central
galaxies have nearly flat SFR surface densities in their inner
≈ 10 kpc, and outward of that they show a nearly exponential
profile. In contrast, satellite galaxies have roughly exponen-
tial profiles all the way down to≈ 2 kpc, with a lower normal-
ization in the outer parts, but reaching higher surface densities
than centrals at . 7 kpc. This difference in profile shapes, to-
gether with the fact that metallicity gradients are generally
negative as seen in Figure (7(b)), ‘biases’ the overall SFR-
weighted metallicity values of satellite galaxies toward higher
values with respect to centrals, even though locally as a func-
tion of radius they have the same metallicity profiles.
Another interesting point to note regarding Figure (8) and
its relation to Figure (7(b)) is the anti-correlation between the
profile differences of the local metallicity and SFR surface
density. In Figure (8), it can be seen that the subset of satel-
lites that are ‘matched’ (red) have somewhat higher SFR sur-
face densities – in a roughly radius-independent way – than
the total satellite population (black).5 Figure (7(b)) shows that
the opposite is true for the metallicity, i.e. the metallicity of
the ‘matched’ sample is slightly lower than that of the whole
satellite population. Similarly, for the centrals, the subset of
‘control’ centrals (green) have lower SFR surface densities
than ‘all centrals’ (blue), with a very similar profile shape, but
in turn higher metallicities. This demonstrates again, now in a
spatially resolved fashion, that SFR differences drive some of
the metallicity differences between the different samples. We
note that while some work emphasizes the more fundamental
role of the gas fraction over the SFR (e.g. Zahid et al. 2014),
in our simulation, those are essentially the same due to the im-
plementation of the star formation law. We checked explicitly
and verified that the conclusions throughout this work would
be unchanged if the star-forming gas mass were used instead
of SFR.
Before moving on with our discussion of metallicities, we
briefly look in more detail at the SFR surface density pro-
files seen in Figure (8). To this end, Figure (9) presents the
evolution over cosmic time of the mean SFR surface density
profiles along the main-progenitor tracks of two samples, the
‘matched satellites’ (left) and ‘control centrals’ (middle), as
well as the difference between the two (right). As can be seen
in the right panel, the two populations, which are matched in
their formation histories (see Figures (3) and (5(a))), have es-
sentially the same SFR surface density profiles until z ≈ 2.
Between z≈ 2 and z≈ 1, the satellites have slightly more ex-
tended profiles, with lower SFR surface densities in the inner
parts and higher in the outer parts. However, at z ≈ 0.5 – the
typical infall time, as seen in Figure (5) – the picture reverses,
i.e. satellites develop a more concentrated SFR profile, and
the differences become significantly larger. After z ≈ 3, the
mean inner profiles drop over time for both samples, but after
infall time, z≈ 0.5, the drop for the satellite sample is halted,
while it continues for the centrals, resulting in higher inner
profiles for satellites than centrals at z = 0. The outer profiles
evolve differently: for the centrals, they constantly increas
with cosmic time until they remain approximately constant
at z . 1. On the other hand, the outer profiles of satellites
reach a peak at z ≈ 1 and thereafter decrease with time. This
results in satellites that have lower outer SFR surface densities
than centrals at z = 0. It is worth noting that while the overall
normalizations change somewhat if we replace the ‘matched
satellites’ sample with the full satellites sample, and/or the
‘control centrals’ with the full centrals samples, the differen-
tial effect between the inner and outer parts remains essen-
tially unchanged.
While a detailed explanation of these trends is beyond the
scope of this paper, we note that the outer post-infall drop
of the satellite SFR surface densities is likely associated with
stripping events (Bahé & McCarthy 2015). It may also orig-
inate from outside-in quenching resulting from strangulation.
The evolution of the inner parts is perhaps more puzzling and
merits future investigation. One possibility is that the inter-
stellar gas in the inner parts of satellites is compressed due
to the additional external pressure provided by the host halo
atmosphere, promoting star formation. Another possibility
is that the inner parts of satellites are experiencing elevated
SFRs due to interactions and stronger tidal forces. It is also
worth noting that preliminary observational evidence exists
5 A difference that is balanced by the significantly lower SFR surface den-
sities of the ‘non-matched satellite’ sample (magenta).
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that satellite galaxies indeed show more concentrated star for-
mation relative to centrals (Bretherton et al. 2013). Larger ob-
servational samples and further analysis are required to draw
firm conclusions concerning the evolution of star-forming
disks in rich environments. These will provide important con-
straints for cosmological hydrodynamical simulations such as
Illustris and, in fact, may also have the power to tell whether
the scenario we describe here to explain satellite galaxy metal-
licities based on the Illustris simulation is also valid in reality.
Returning to the metallicities, the difference in the enclosed
metallicities between the ‘matched satellites’ and ‘control
centrals’ samples (Figure (7(a))), which emerges once their
essentially equivalent local metallicity profiles (Figure (7(b)))
are weighted by their SFRs, motivates us to introduce a new
quantity that represents the local metallicity profile. We there-
fore simply average the local metallicity profiles shown in
Figure (7(b)) in a way that gives equal weight to each radius,
and we refer to this quantity as the ‘radially averaged metal-
licity’. Note that it is not weighted by SFR, neither by mass,
volume, or area. In Figure (10), we present the z = 0 distri-
butions of metallicity and SFR for the various samples, using
the two metallicity definitions: SFR-weighted (left) and the
newly defined ‘radially averaged’ (right). The left panel re-
peats the right panel of Figure (4) but with the addition of cen-
tral galaxies. The separation previously noted in the discus-
sion of Figure (4) between the ‘matched satellites’ and their
‘control centrals’ is seen here more explicitly with the intro-
duction of running medians (curves). In contrast, the right
panel shows no difference in the radially averaged metallicity
between the two formation-matched samples (with the excep-
tion of the low-SFR, < 1 M⊙ yr−1, regime where only 20% of
these galaxies lie). Figure (11) shows a direct comparison be-
tween the two metallicity definitions. For central galaxies, the
SFR-weighted metallicity tends to be equal to the radially av-
eraged metallicity. Satellite galaxies, however, occupy a dif-
ferent locus on this plane, having SFR-weighted metallicities
typically ≈ 0.1 dex higher than their radially averaged metal-
licities. This difference is the result of the different weighting
schemes where the SFR-weighted metallicities weigh the in-
ner regions more strongly; this effect is more pronounced for
satellite galaxies.
It is interesting to note that even for the radially averaged
metallicity, there remain small differences in the median rela-
tions between the other two samples, which are not formation-
matched. In particular, while in Figure (7(b)) we have seen
that ‘non-matched satellites’ have higher radially averaged
metallicities than ‘matched satellites’, in the right panel of
Figure (10) we see that this holds even for a given SFR. This
means that even when the different weighting is taken away
by using the radially averaged metallicities, considering only
the instantaneous SFR does not fully account for the metal-
licity differences. We argue that this is very plausibly a result
of the different formation histories. In Figure (12), we show
that even at the same z = 0 SFR, ‘non-matched’ satellites tend
to have older stellar ages (at SFR & 0.5 M⊙ yr−1, where most
galaxies lie, and where most of the difference between the
two populations in Figure (10) appears). This can account for
their higher metallicities compared to the ‘matched’ satellites
as a result of two distinct physical effects. First, their older
stellar populations had more time to release metals back into
the gas. Second, their younger stellar ages imply earlier for-
mation histories, i.e. most of their wind-launching occurred
at higher redshift. Since the wind mass-loading factors in our
model are lower at higher redshifts (at a given stellar mass),
galaxies with earlier formation histories (at a given final stel-
lar mass) are likely to have ejected less of their metals out of
the galaxy, resulting in higher z = 0 galaxy metallicities. An-
other possibility, not directly related to the formation history
but which is motivated by the fact that galaxies in the ‘non-
matched’ sample have spent more time as satellites than the
‘matched’ ones (not shown) and have more strongly truncated
SFR profiles (Figure (8)), is that the environmental metallic-
ity does play some role for this sample (see the discussion of
environmental metallicities in the next section).
5. MAIN RESULTS: ENVIRONMENTAL OVERDENSITY
Thus far, we have only considered the binary distinction
between central and satellite galaxies. In this section, we con-
sider the dependence of metallicity on a continuous measure
of environment, namely, the environmental overdensity, de-
fined in Section 2. We follow Peng & Maiolino (2014), who
recently quantified galaxy metallicity as a function of envi-
ronmental overdensity in SDSS, importantly, while separat-
ing between central and satellite galaxies. Peng & Maiolino
(2014) found that while satellite galaxies exhibit a positive
correlation between metallicity and environmental overden-
sity, central galaxies hardly ever do. They interpreted this
finding as a result of more metal-rich accretion at denser en-
vironments. In this section, we show that similar trends exist
in Illustris, but we find that their origin is different than that
hypothesized in Peng & Maiolino (2014).
Figure (13) presents the two-dimensional plane of metal-
licity and environmental overdensity, using three different
measures of metallicity. In Figure (13(a)), the metallicity
is SFR-weighted, but only inside the inner 3 kpc of each
galaxy. In Figure (13(b)), the metallicity is SFR-weighted
within 30 kpc, which is essentially also the galaxy-wide SFR-
weighted metallicity. In Figure (13(c)), the metallicity is the
radially averaged metallicity defined in Section 4.3, which is
not affected by the shape of the SFR profile. In each panel,
the full distribution is shown only for the ‘matched satellites’
sample (red points), and for visual clarity the distributions for
the other samples are represented only by two curves each:
the median metallicity as a function of overdensity (approx-
imately horizontal curves) and the median overdensity as a
function of metallicity (approximately vertical curves). Er-
ror bars, shown in the interest of visual clarity only for the
‘matched satellite’ and ‘control central’ samples, represent
the standard error of the medians, defined as 1.253σ/
√
N,
where σ is the standard deviation of the distribution of val-
ues in each bin, and N is the number of galaxies included in
each bin.
The first point we take away from Figure (13) is that central
galaxies show no significant correlation between metallicity
and environmental overdensity, as is evident from the lack
of slope (full horizontality/verticality) in their curves (blue
and green curves, for all centrals and ‘control centrals’, re-
spectively). This is in agreement with the observational re-
sults of Peng & Maiolino (2014). For satellites, the picture
is more subtle. We begin by considering the satellite popu-
lation with ‘non-extreme’ formation histories, i.e., those that
can be matched to centrals (red). For these, a clear correla-
tion is found between metallicity and environment, as is made
evident by the positive slopes of the medians running in both
dimensions. The strongest such correlation is found for the
galaxy-wide SFR-weighted metallicities (Figure (13(b))). A
weaker, but still statistically significant, correlation is found
for the < 3 kpc SFR-weighted metallicities (Figure (13(a))).
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FIG. 9.— Evolution over cosmic time of the mean SFR surface density for the ‘matched satellite’ sample (left), their matched ‘control central’ sample (middle),
and the difference between the two (right). The two samples show very similar SFR profiles until the typical infall epoch of z ∼ 0.5 − 1. Thereafter, in spite
of being matched in formation histories down to z = 0, the large-radius part of the mean SFR profile decreases with time for the satellite galaxies, but remains
approximately constant for the central galaxies. At the same time, the inner part evolution shows opposite trends, with central galaxies developing a flat profile
that diminishes with time. As a result, satellite galaxies have higher inner SFR surface densities than central galaxies, and lower outer densities.
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FIG. 10.— The z = 0 relation between metallicity and SFR for various galaxy samples, showing both individual galaxies (points) and running medians (curves),
with two weighting schemes: SFR-weighted (left) and radially averaged (right). A clear anti-correlation between metallicity and SFR is seen for all samples.
The relation is almost identical for the vast majority of galaxies (≈ 80% of the galaxies have SFR > 1 M⊙ yr−1) when the metallicity is radially averaged (right),
i.e. when the local metallicity is considered. This is true in particular for the two samples that are matched in formation history, i.e. the ‘matched satellites’ (red)
and their ‘control centrals’ (green). However, when SFR-weighted metallicities are considered, satellites tend to have higher metallicities than centrals, even at a
given SFR and for a matched formation history (left).
Once the SFR profiles are taken out of the equation, by exam-
ining the radially averaged metallicities, the correlation with
environment becomes much weaker, perhaps even statistically
insignificant (Figure (13(c))). In fact, the formation-matched
samples are consistent with having the same relation between
radially averaged metallicity and environment, as the horizon-
tal red and green curves in Figure (13(c)) overlap within the
error bars. These two samples only occupy different regions
in environmental overdensity space, but for a given environ-
mental overdensity, ‘matched satellites’ and ‘control centrals’
seem to possess the same radially averaged metallicity. The
interpretation of these trends is clear – the correlation be-
tween metallicity and environment is driven by a correlation
between SFR profile shape and environment, not by the lo-
cal metallicity profile and environment. Since the ‘matched
satellites’ constitute most of the general satellite population
(≈ 2/3 of it), we conclude that a large part of the positive
metallicity-environment correlation for the general satellite
population (see Figure (15)) is driven by this effect.
However, a non-negligible fraction, namely, ≈ 1/3, of the
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FIG. 11.— Direct comparison, for various galaxy samples, of the two
metallicity definitions considered in this work: SFR-weighted metallicity on
the y-axis versus radially averaged metallicity on the x-axis. Curves indi-
cate running medians, and the dashed curve represents the identity relation.
Central galaxies (blue, green) usually have very similar radially averaged and
SFR-weighted metallicities (except at low metallicities). Satellite galaxies
(black, red) have a different relation, with the SFR-weighted metallicity typ-
ically ∼ 0.1 dex higher than the radially averaged metallicity. The top and
right panels show the projected distributions of these two quantities.
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FIG. 12.— Mean stellar age of the stellar populations inside twice the stellar
half-mass radius (corresponding roughly to the size of the star-forming disk)
versus the z = 0 total galaxy SFR, showing individual galaxies (points) as
well as running medians (curves). Galaxies with higher z = 0 SFR tend to
also be younger. For SFR & 0.5 M⊙ yr−1, galaxies belonging to the ‘non-
matched’ satellite sample (magenta) tend to have older stellar populations
than galaxies belonging to the ‘matched satellites’ sample (red), at a given
SFR. This means that even at a given z = 0 SFR, ‘non-matched’ satellites
tend to form earlier than ‘matched’ satellites. The galaxies shown at SFR =
10−3 M⊙ yr−1 represent galaxies that in fact have SFR = 0.
general satellite population is composed of the ‘non-matched
satellites’. These do present a positive metallicity-overdensity
relation, even for the radially averaged metallicity (magenta
curves, Figure (13(c))). To gain insight into this finding,
in Figure (14) we plot the SFR (top) and mean stellar age
(bottom) of the galaxies in the two satellite samples ver-
sus the environmental overdensity. The ‘matched satellites’
show almost no correlation, while the ‘non-matched satellites’
show significant strong correlations of lower SFR and larger
mean stellar age in denser environments. These correlations
provide several explanations for the positive correlation be-
tween metallicity and environment that this sample displays
in Figure (13(c)), which are related to their formation history.
First, they are ‘biased’ to higher metallicities by virtue of the
metallicity-SFR anti-correlation. In addition, as argued in the
last paragraph of Section 4.3, galaxies with larger mean stel-
lar age, i.e., galaxies that formed earlier, are expected to have
higher metallicities even at a given z = 0 SFR due to the com-
bination of a larger release of metal mass by their older stellar
populations and a lower historical galactic winds-driven ejec-
tion of metal mass out of the galaxy.
The strong role, even if not the only role, that the concen-
tration of the SFR profiles in satellite galaxies plays in their
metallicity-overdensity relation has a simple observable im-
plication, which is a prediction of our simulation. Namely,
since the concentration effect of the SFR profiles is more
pronounced the larger the considered aperture is, and since
we find that a large part of the metallicity-overdensity corre-
lation is driven by the SFR profile concentration effect, we
predict that the metallicity-overdensity correlation is weaker
when smaller apertures are considered. This was already
noted in relation to Figures (13(a)) and (13(b)). In Figure
(15) we show a more extensive comparison of different aper-
tures in a format that can be directly compared to Figure
3 of Peng & Maiolino (2014), and for several bins of stel-
lar mass in particular, indicated by different colors. In the
top panels, the mean SFR-weighted metallicities are shown
against the environmental overdensity, for centrals (dashed)
and satellites (solid) separately, and for different apertures
(1,3,10,30 kpc from left to right). The bottom panels show
the mean overdensity as a function of metallicity. Indeed,
the correlations are stronger for larger apertures. The metal-
licities presented by Peng & Maiolino (2014) are limited to
the SDSS fiber, which for their redshift range corresponds to
≈ 1.25 − 5 kpc. However, the absolute scale of the apertures
should not be compared at face value with observations, as Il-
lustris galaxies are known to be generally larger than observed
galaxies (Snyder et al. 2015; Wellons et al. 2016). The quali-
tative trends reported for SDSS galaxies by Peng & Maiolino
(2014) are reproduced in Figure (15), which in turn also pro-
vides a direct prediction for the (at least qualitative) trend with
aperture. Some correlation still exists even for very small
apertures, as expected from Figure (14), which shows an ef-
fect that is not directly aperture-related.
We have generally argued that the SFR-weighting effect
and differences in formation histories account for most of
the differences seen between the metallicities of satellites and
centrals, and in particular also as a function of environmen-
tal overdensity. Peng & Maiolino (2014), however, interpret
their findings as a result of an environmentally dependent
intergalactic metallicity that provides a metallicity floor for
galaxies in different environments by means of gas accretion,
see their Equation 2. In Figure (16) we are inspired by Fig-
ure (6) of Peng & Maiolino (2014) and plot the environmen-
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FIG. 13.— Various galaxy samples on the metallicity-environment plane, for different definitions of metallicity. The two-dimensional distributions are rep-
resented by running medians: the approximately horizontal curves show median metallicity versus environmental overdensity, and the approximately vertical
curves show median environmental overdensity as a function of metallicity. Error bars represent uncertainties on the median values. Balancing between infor-
mation content and readability, the full distribution is also shown, but only for the ‘matched satellites’ (red points). Central galaxies (all centrals: blue, control
centrals: green) show essentially no correlation of metallicity with environment, in agreement with observations (Peng & Maiolino 2014). ‘Matched satellites’
(red), i.e. those with a formation history that can be matched by a central galaxy, show a clear correlation when SFR-weighted metallicities are considered at full
radius (middle panel), but a weaker correlation at smaller radii (left panel). When the radially averaged metallicity is considered (right panel), there is essentially
no correlation. Hence, the correlation with environment displayed by satellites is a result of formation history and stripping, not of environmental metallicity.
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FIG. 14.— The z = 0 total SFR (top) and mean stellar age of the stellar
populations inside twice the stellar half-mass radius (bottom) versus environ-
mental overdensity, showing individual galaxies (points) as well as running
medians (curves). For satellites with formation histories that can be matched
to centrals (red) there are no significant correlations. Satellites that are not
matched to centrals (magenta), on the other hand, show generally lower SFRs
and older ages, i.e., earlier formation times, and also show significant correla-
tions of those quantities with environmental overdensity. The galaxies in the
top panel shown at SFR = 10−3 M⊙ yr−1 represent galaxies that in fact have
SFR = 0.
tal metallicity, or circumgalactic metallicity, around galaxies
in different mass bins, separated into centrals and satellites
(top; in the logarithmic metallicity units used throughout the
paper), as well as the difference between those circumgalactic
metallicities between satellites and centrals (bottom; in linear
units of solar metallicity). The circumgalactic metallicity is
not a well-defined quantity, and hence its calculation is some-
what arbitrary. Here, we calculate it as the mass-weighted
metallicity of all of the gas in a shell with inner and outer
radii of factors of 10 and 20, respectively, times the stellar
half-mass radius of each galaxy, which in addition has an in-
ward radial velocity exceeding half of the maximum circular
velocity of the galaxy. Since the stellar half-mass radii of Il-
lustris galaxies are typically ∼ 5% of the virial radii of their
dark matter halos, this definition selects gas that is in a shell
mostly inside the halo but close to the virial radius. This is
intended to be a simple selection of gas that is not directly
related to the galaxy itself but is likely to be participating in
the accretion onto the galaxy. We verified that our qualitative
results do not change with modest modifications of the radii
defining the shell or even by removing altogether the radial
velocity criterion.
Figure (16) indeed shows that satellite galaxies have higher
circumgalactic metallicities than central galaxies, both at a
given stellar mass and environmental overdensity. The differ-
ence is ≈ 40% of the solar metallicity for low overdensities.
It becomes smaller for higher overdensities, as the environ-
ments of the centrals also become more metal-rich, likely due
to feedback from black holes (Suresh et al. 2015). Reassur-
ingly, while the absolute circumgalactic metallicities depend
on stellar mass (in particular for central galaxies where more
massive ones are plausibly enriching their own environments
to a larger degree), the difference between satellites and cen-
trals is rather independent of stellar mass but instead depends
more on environment. This is expected, since both centrals
and satellites are expected to enrich their own environment
to some (stellar mass-dependent) degree, but the difference
between the two represents an effect that is external to the
galaxies, and hence is more sensitive to environment.
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Peng & Maiolino (2014), in particular for small radii.
The main point to be taken from Figure (16) is that the dif-
ference in circumgalactic metallicity between satellites and
centrals, as measured here, is smaller but not negligible com-
pared to the absolute metallicities of galaxies in the mass bin
we have focused on in this work, M∗ = (2 − 3)× 1010 M⊙. As
can be seen in Figure (2), the metallicity of satellites in this
mass bin is ≈ 2.6 Z⊙, and that of centrals is ≈ 2 Z⊙. The dif-
ference is somewhat larger but comparable to the difference
in circumgalactic metallicities between satellites and centrals
that we measure for galaxies in this mass bin for δ . 10,
which is 0.4 Z⊙ (Figure (16)). Hence, it may be surprising
that in Figure (13(c)) we see no discernable difference be-
tween the radially averaged metallicities of satellites and cen-
trals at these environmental overdensities once they have been
matched in formation history. Perhaps the most plausible ex-
planation is that the circumgalactic metallicity as defined here
is not the most appropriate measure for the ‘metallicity of ac-
cretion’ quantity that serves as a metallicity floor in analytical
models, e.g. Equation 2 in Peng & Maiolino (2014). A more
detailed analysis of gas accretion would be required to deter-
mine how to measure the most relevant quantity most accu-
rately. However, the exercise presented here teaches us that
even if the gas around the virial radius is enriched to signifi-
cant levels (as also suggested by observations; Faerman et al.
2016), this is not necessarily manifested in the metallicities
inside galaxies once the formation history and weighting ef-
fects have been accounted for.
6. SUMMARY AND CONCLUSION
In this paper, we present a study of the relations between
galaxy gas-phase metallicity and environment in the Illustris
simulation. The basic result, and the starting point for our
study, is that satellite galaxies have higher galaxy-wide SFR-
weighted metallicities than central galaxies, a phenomenon
seen both in Illustris and in observations of real galaxies. We
focus on a single mass scale, M∗ = (2 − 3)× 1010 M⊙, and
define several galaxy samples: centrals, satellites, two sub-
samples of centrals and satellites that are closely matched in
their formation histories, and a subset of satellites that form
early and cannot be matched to a central in terms of forma-
tion history. We quantify the mean metallicity and SFR of
these various samples as a function of galactocentric radius,
cosmic time, and environment. Our investigations allow us to
draw conclusions concerning what drives satellites to higher
metallicities than centrals. Our main findings are summarized
below.
• Across a wide mass range, satellite galaxies in Il-
lustris have higher metallicities than central galax-
ies, by ≈ 0.15 dex at M∗ = 109 M⊙ and ≈ 0.1 dex at
M∗ = 1011 M⊙ (Figure (2)). Most of this difference is
achieved by the satellite galaxies after their infall time
onto their hosts, i.e., after becoming satellites (Figures
(4) and (5)).
• Satellite galaxies generally tend to form earlier than
centrals. However, most (≈ 2/3) satellite galaxies can
be matched in terms of their formation history to a cen-
tral galaxy (Figure (3)). The SFR profile, however,
differs between these two matched populations, with
satellite galaxies having more concentrated SFR pro-
files (Figure (8)). This difference in SFR concentration
is a main driver of inferred metallicity differences, as
described below. As such, the scenario described here
based on the Illustris simulation can be tested obser-
vationally by examining the existence of such differ-
ences, or lack thereof, between mass-matched centrals
and satellites in the real Universe.
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FIG. 16.— Top: the mass-weighted metallicity of the inflowing circum-
galactic (CGM) gas (see definition in the main text), as a function of environ-
mental overdensity, for galaxies in different stellar mass bins (as indicated
by the legend), separated by satellites (solid) and centrals (dashed). Satel-
lite galaxies are seen to have their CGM enriched to ≈ 0.5 − 1 Z⊙ with a
weak dependence on mass and environment. Central galaxies have more en-
riched CGM at higher masses and denser environments, but generally have
much less enriched CGM than satellites. Bottom: the difference, here in lin-
ear units of solar metallicity, between the CGM metallicity of satellites and
centrals (the solid and dashed curves in the top panel, respectively), for dif-
ferent stellar mass bins, as a function of environmental overdensity. At low
and medium overdensities (δ . 10), the difference is 0.3 − 0.5 Z⊙, and it be-
comes smaller at higher overdensities, mostly because the centrals galaxies
have increased CGM metallicities.
• The metallicity profiles (local metallicity as a function
of radius) of formation-matched satellites and centrals
are almost identical (Figure (7(b))). Based on a new
definition of metallicity – the ‘radially averaged’ metal-
licity – that is not affected by the SFR profile, the metal-
licities of formation-matched satellites and centrals are
essentially the same (Figure (10)).
• All of the galaxy samples have mean negative metal-
licity gradients, i.e. they have higher metallicities at
smaller radii (Figure (7(b))). It is the combination of
this fact with the fact that the SFR profile is more con-
centrated in satellite galaxies that makes their overall
SFR-weighted metallicities higher than those of cen-
trals; it is not that the metallicity profiles themselves
are different (Figure (10)). This weighting effect ac-
counts for most (≈ 50 − 70%) of the difference in the
SFR-weighted metallicities between satellites and cen-
trals (Figure (6)).
• The rest of the difference between the full satellite
and central populations can be accounted for by their
non-matched formation histories (Figures (6) and (10)).
First, a significant population of satellite galaxies forms
early and has a low SFR at z = 0 (Figure (3)). By
virtue of the general metallicity-SFR anti-correlation
(Figure (1)), this implies that satellites tend to have
higher metallicities (Figure (4)). However, there also
exists an additional small effect wherein, for a given
z = 0 SFR, satellite galaxies that have early formation
histories tend to have higher radially averaged (i.e., lo-
cal) metallicities (Figures (10) and (12)). This may
be explained by two effects caused by their older stel-
lar populations: (i) higher metal mass release back to
the galactic gas, and (ii) lower history-integrated wind
mass-loading factors, implying less metal escape out-
side of the galaxy.
• Satellite galaxies in Illustris tend to have higher SFR-
weighted metallicities in denser environments, as ob-
served in reality (Figures (13) and (15)). For satel-
lites that are matched in formation history to cen-
trals, this still holds for SFR-weighted metallicities
(Figures (13(a)) and (13(b))), but there is no relation
for radially averaged metallicities with environment
(Figure (13(c))). This suggests that what drives the
relation with environment is the increased efficiency
in denser environments of the SFR profile concentra-
tion/truncation that satellites undergo. A corollary is
that the correlation with environment is weaker when
the metallicity inside smaller galactocentric radii is
concerned, a prediction that can be tested in the future
in observational data (Figure (15)).
• Some of the relation with environment that satellites
present comes from the ‘non-matched’ sample, and
appears not only in the SFR-weighted metallicity but
also in the radially averaged metallicity (Figure (13)).
This relation appears because those satellites that are
in denser environments have earlier formation histo-
ries (Figure (14)), and earlier formation histories imply
higher metallicities for several reasons described above.
• We find that the circumgalactic gas around satellite
galaxies tends to have higher metallicities than around
centrals (Figure (16)). While the difference is (smaller
yet) comparable to the absolute metallicity values of
the star-forming gas inside the galaxies themselves, it
is not the driver of the higher metallicities of the satel-
lites with respect to the centrals. Future work will need
to explore in more detail the metallicity of the accreting
gas to understand this result.
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